Clarifying the dynamics of fine roots is critical to understanding carbon and nutrient cycling in forest ecosystems. An optical scanner can potentially be used in studying fine-root dynamics in forest ecosystems. The present study examined image analysis procedures suitable for an optical scanner having a large (210 mm × 297 mm) root-viewing window. We proposed a protocol for analyzing whole soil images obtained by an optical scanner that cover depths of 0-210 mm. We tested our protocol using six observers with different experience in studying roots. The observers obtained data from the manual digitization of sequential soil images recorded for a Bornean tropical forest according to the protocol. Additionally, the study examined the potential tradeoff between the soil image size and accuracy of estimates of fine-root dynamics in a simple exercise. The six observers learned the protocol and obtained similar temporal patterns of fine-root growth and biomass with error of 10-20% regardless of their experience. However, there were large errors in decomposition owing to the low visibility of decomposed fine roots. The simple exercise revealed that a smaller root-viewing window (smaller than 60% of the original window) produces patterns of fine-root dynamics that are different from those for the original window size. The study showed the high applicability of our image analysis approach for whole soil images taken by optical scanners in estimating the fine-root dynamics of forest ecosystems.
Introduction
Fine roots are an important component contributing to belowground carbon fluxes in forest ecosystems, such that 40-70% of annual net primary production can be allocated to fine roots (Hendrick and Pregitzer 1996a , Gill and Jackson 2000 , Tateno et al. 2004 . Clarifying the dynamics of fine roots is thus critical to understanding how forest carbon and nutrient cycling respond to the local environment. Despite the major allocation of carbon to fine roots, uncertainty remains about temporal and spatial variations in the fine-root biomass, production and decomposition of forest ecosystems (Hendrick and Pregitzer 1996b , Davis et al. 2004 , Brassard et al. 2013 , McCormack et al. 2014 , Mommer et al. 2015 , which might strongly affect the accuracy of estimates of stand-scale net primary production. A number of methods, such as sequential coring, the use of ingrowth cores or meshes, isotope labeling, and the use of rhizotrons and minirhizotrons, have been developed (Taylor et al. 1990 , Vogt et al. 1998 , Majdi et al. 2005 , Hirano et al. 2009 , Milchunas 2009 , Andreasson et al. 2016 . However, there is still no consensus on the best method for determining fine root dynamics (Vogt et al. 1998 , Finér et al. 2011 , Addo-Danso et al. 2016 owing to various potential biases leading to overestimation and underestimation of absolute values of root growth and decomposition (Milchunas 2009 ).
Minirhizotrons provide a nondestructive method of observing roots and are one of the best tools available for directly studying fine-root dynamics in in situ conditions (Johnson et al. 2001) . They allow the simultaneous measurements of fine-root production and decomposition, which cannot be made by either sequential coring or using ingrowth cores or meshes (Majdi 1996) . Minirhizotron techniques have been widely used to quantify fineroot production, decomposition, life span and turnover rates in various forest ecosystems (Hendrick and Pregitzer 1996a , 1996b , Tierney and Fahey 2001 , Noguchi et al. 2004 , 2007 , Fukuzawa et al. 2013 , Mommer et al. 2015 .
Minirhizotrons, having small observation windows (e.g., an image size of 16 mm × 18 mm; Minirhizotron BTC-100X, Bartz Technology Corporation, CA, California. USA), ensure minimum disturbance but may not detect enough roots if enough tubes are not installed. As high spatial heterogeneity has been noted in the fineroot distribution (Davis et al. 2004 , Vamerali et al. 2011 , Brassard et al. 2013 , the observation window size is a critical issue in quantifying seasonal variations in fine-root biomass, growth and decomposition at the scales of the individual tree and stand. Dannoura et al. (2008 Dannoura et al. ( , 2011 recently proposed the continuous monitoring of the rhizosphere using a wide-view optical scanner, which can shorten the time needed to acquire a relatively large soil image (i.e., 216 mm × 297 mm) with low cost. An optical scanner with a wide area of visibility has a low risk of missing growing roots and can obtain an image for a state close to the reality of the root branching architecture. In particular, large spatial variations in roots with soil chemical and physical properties are pronounced in tropical forests (e.g., Katayama et al. 2009 , Ohashi et al. 2015 , suggesting the high applicability of optical scanners there.
Enlarging the window leads to a potential tradeoff between the probability of capturing fine roots and the cost of obtaining data from soil images obtained by the scanner. Previous studies manually traced the number, length and/or diameter of each individual root in sequential images recorded at several measurement locations and converted the values to basic units, such as the percentage of image frames that contain roots, root length per frame, root surface area per frame and root biomass per frame, using professional software (Johnson et al. 2001 , Noguchi et al. 2004 , Fukuzawa et al. 2013 , McCormack et al. 2014 , such as the freeware RMS (Root Measurement System, University of Georgia, Athens, GA, USA), Rootfly (Clemson University, SC, USA), RooTracker (Dave Tremmel, Duke University Phytotron, Durham, NC, USA), WinRHIZO Tron (Regent Instruments, Quebec, Canada) and KS 300 (Carl Zeiss Vision GmbH, Eching bei Munchen, Germany). Regardless of the professional software used, manual image analysis is still labor-intensive and it takes skill and experience to accurately extract and track fine-root dynamics from soil images (Johnson et al. 2001) . These costs of time and experience when using an optical scanner might be why few studies have yet adopted the optical scanner for monitoring fine-root dynamics (Do et al. 2016) .
We need a standard manual root-tracking procedure for soil image analysis that can solve the tradeoff between the window size and the cost of soil image analysis. One approach is to simplify the manual root tracking procedure, allowing us to perform soil image analysis regardless of our root-study experience and to share a large number of soil image analyses conducted by multiple observers. Meanwhile, it has been noted that interobserver bias will be pronounced in the results of soil image analysis when multiple observers share the soil image analysis (Johnson et al. 2001) . A second approach for reducing the image analysis costs is to find an efficient window size. The use of a root-viewing window smaller than the original (i.e., 216 mm × 297 mm) likely would allow us to reduce the time and cost of image analysis but might affect the accuracy of the results of image analysis quantitatively and qualitatively. Few studies have examined potential errors generated by different observers and window sizes in the results of soil image analysis quantitatively.
This paper proposes an image analysis procedure that is suitable for an optical scanner with a relatively large window and hence improves the applicability of scanner methods to the identification of temporal changes in the biomass, growth and decomposition of fine roots. To this end, we propose a protocol for analyzing sequential soil images obtained using an optical scanner and evaluate human errors from the results of six observers with different root-study experience who manually performed sequential soil-image analysis following the protocol. We also examine potential errors resulting from decreasing the size of the root-viewing window in estimates of the biomass, production and decomposition of fine roots in a simple exercise. The present study used three types of sequential images of root dynamics within soil, namely sequential artificial-model images (the first set) and sequential in situ soil images derived from a Bornean tropical rain forest (the second and third sets).
Materials and methods

Site, scanner box installation and data collection
Scanner image acquisition was conducted in a lowland, mixed dipterocarp forest of Lambir Hills National Park, Sarawak, Malaysia (4°20′ N, 113°50′ E), situated~30 km southwest of Miri, Sarawak. There is a continuous canopy layer~40 m above the ground, and the height of emergent trees reaches 50 m (Kume et al. 2008) . Mean annual temperature and rainfall are respectively 26.0°C and 2600 mm, without phase-locked dry seasons (Kume et al. 2011 ). Soils at this site are classified as red-yellow podzolic soils (Malaysian classification) or ultisols (United States Department of Agriculture Soil Taxonomy), with high sand content (62-72%) and high porosity (54-68%).
Five acrylic boxes with dimensions of 445 mm length, 300 mm height and 55 mm width were prepared to protect the scanner from rain water in the field. The boxes were randomly installed in a 4-ha study plot at the site (see Katayama et al. 2009 , Ohashi et al. 2015 in March 2013. The acrylic boxes were spaced about 10 m from each other. To bury the acrylic boxes, rectangular solid holes were prepared 45°off of vertical and extending about 200 mm beneath the soil using a hand shovel. Using a charge-coupled-device flatbed image scanner with dimensions of 216 mm × 297 mm (GT-S640, Epson, Nagano, Japan.) as recommended by Dannoura et al. (2008 Dannoura et al. ( , 2011 , we started scanner image acquisition 2 months after the installation of the acrylic boxes. Images were acquired every 2-4 weeks from May 2013 to April 2014. The soil disturbance caused by digging the holes could have affected subsequent root proliferation during the period. Johnson et al. (2001) recommended a waiting period between tube installation and image collection of 6-12 months to allow roots to recolonize the space on the windows and nutrient levels to return to before-setting levels. However, we could include the data during the initial period after the installation, as our focus was on the methodology of image analysis for fine-root dynamics rather than estimating in situ fineroot production and decomposition at the site.
Image analysis procedure
Temporal changes in the biomass, growth and decomposition of fine roots in a set of sequential scanner images were derived manually using two free software programs, namely the GNU Image Manipulation Program (GIMP; the GIMP team, USA) and ImageJ (National Institutes of Health, Bethesda, MD, USA), following a protocol (see Method S1 available as Supplementary Data at Tree Physiology Online) newly developed in this study.
First, the total fine-root biomass of the first scanner image in a set of sequential scanner images was manually extracted with a computer mouse using GIMP ( Figure 1a ). All the projected area of the fine roots in the first scanner image was painted using three brushes of different size (3, 5 and 10 pixels, approximately corresponding to diameters of 0.43, 0.67 and 1.2 mm) according to the fine-root diameter on a transparent layer, which was saved as a GIF-format image having a black background and white roots ( Figure 1a ). Second, we put a second scanner image under the first total fine-root biomass image extracted (the GIF image) (Figure 1b ) while converting the black background to a transparent background. We then determined fine-root growth and decomposition between the first and second images on other transparent layers by extracting the appearing and disappearing areas of fine roots, respectively (Figure 1c and d) . Third, the total root biomass in the second scanner image was composed by adding the growth to the first total fine-root biomass image ( Figure 1e ) and by subtracting the decomposition from the first total fine-root biomass image (Figure 1f) using ImageJ. We then put a third scanner image under the second total fine-root biomass image composed and repeated the procedure until reaching the final image of the sequential images ( Figure 1g ).
After the manual fine-root extractions and image compositions, we calculated the projected areas of the total fine-root biomass, growth and decomposition in the extracted and composed images using ImageJ. First, the time series of the extracted and composed images were converted into 8-bit grayscale images (i.e., black and white images with 256 gray levels ranging from 0 to 255). The images were converted to a binary-image sequence by setting the pixel grayscale to one of two values, 0 or 255. The extracted fineroot biomass, growth and decomposition were expressed as percentages (%) of the projected area of roots visible to observers per the area of the viewing window (i.e., the scanner frame area).
Analysis of human error
To confirm the degree of human error in the image analysis of the optical scanner method, six observers with different root-research experience (either <1 year or >3 years) analyzed three sets of sequential images according to the protocol proposed in this study. The first set of images comprising eight artificial images (see Figure S1 available as Supplementary Data at Tree Physiology Online) was used to examine the basic ability of the six observers in image analysis; i.e., whether the six observers can detect the appearances and disappearances of root-like objects from sequential images. The artificial images with only two colors mimicked temporal changes in fine-root biomass, growth and decompositions at the study site, and were generated by tracing the fine-root biomass, growth and decomposition in the sequential scanner images derived from one of the five boxes of this site. The manual tracing for creating artificial images was performed by the fifth author of this paper (A.K.). The second sets (see Figure S2 available as Supplementary Data at Tree Physiology Online) and third sets (see Figure S3 available as Supplementary Data at Tree Physiology Online), respectively obtained from boxes 1 and 3, were used to examine potential errors in in situ image analysis due to there being different observers. The scanner images from box 1 (i.e., the second set) were obtained under relatively ideal conditions in that the soil/acrylic box contact was sufficient along the root-viewing surface (e.g., Johnson et al. 2001) . Meanwhile, image analysis revealed that the temporal changes in fine-root decomposition from box 1 were not distinctive during the period. To confirm whether we could correspondingly detect the timing of increases in root disappearance from in situ sequential scanner images, we additionally adopted the sequential scanner images from box 3 (i.e., the third set) in our image analysis, where the relatively active root disappearance was visually confirmed in the scanner images during the period from May to November 2013 by the first and second authors.
Before image analysis, six observers read the protocol (see Method S1 available as Supplementary Data at Tree Physiology Online) carefully under the guidance of the instructor (the second author, M.O.). In particular, we sought a consensus for decomposition using sample images (i.e., decomposition refers to a root that was visible at a point in the previous image not being visible
Tree Physiology Online at http://www.treephys.oxfordjournals.org at the same point in the present image). When root visibility was unclear at a certain point in an unclear image, we checked for temporal changes in the root visibility at the point in previous, current and following images, and then carefully judged the timing when the root disappeared. Learning the protocol required about 2-6 h depending on root-study experience. After the training, image analysis was performed independently without cross checking, and the results of image analysis for each observer were thus unaffected by those of other observers.
The fine-root biomass, growth and decomposition obtained by the six observers were compared with reference values, which were supposed to be the most reliable estimations in this study, through regression analysis. The reference values in the first artificial image set created by the fifth author of this paper were necessarily calculated using ImageJ (i.e., these are known values). Meanwhile, we assumed that the average of the six observers' results can be taken as reference values for the second and third in situ image sets, as we do not know accurate values of fine-root biomass, growth and decompositions under field conditions. The linear regression analysis was performed for the relationships between the image analysis results from each observer and the reference values using R ver. 3.2.4 (R Development Core Team 2016) and the function 'lm'. Differences in slopes and intercepts of the linear regressions for different root-study experience were tested in an analysis of variance using the function 'aov'.
Analysis for window-size-related errors
We quantified effects of the scanner frame size on estimates of the fine-root dynamics in a simple exercise based on unstratified Monte Carlo analysis (e.g., Kume et al. 2010) . In this analysis, we first examined potential errors in estimates of the amount of fineroot biomass, growth and decomposition due to the scanner frame size. Second, we examined potential errors in the temporal pattern estimates for fine-root biomass, growth and decomposition due to the scanner frame size. The potential errors were examined using frame sizes of 20 × 20 mm, 50 × 50 mm, 100 × 100 mm, 150 × 150 mm and 200 × 200 mm as follows.
First, to examine the effect of the frame size on the amount of fine-root biomass, growth and decomposition, we randomly cut out an image of given size from a composed and extracted image (i.e., a fine-root biomass, growth and decomposition GIF-format image). The linear congruential method was used to generate a random number that was in turn used to determine the position of a givensize image in the GIF-format image. We then calculated the corresponding root area for the given-size image. We conducted the procedure 100 times for each frame size; i.e., we generated 100 values of fine-root biomass, growth and decomposition for each frame size (i.e., 20 × 20 mm, 50 × 50 mm, 100 × 100 mm, 150 × 150 mm and 200 × 200 mm) and determined the probability density functions (PDFs) of fine-root biomass, growth and decomposition for each frame size. The coefficient of variation (CV, %) of the PDFs for each frame size represents potential errors generated at the given frame size.
Second, to examine the effect of the frame size on the temporal patterns of fine-root biomass, growth and decomposition, we randomly cut out images of given size (i.e., 20 × 20 mm, 50 × 50 mm, 100 × 100 mm, 150 × 150 mm and 200 × 200 mm) from the sequential composed and extracted images (i.e., the sequential GIF-format images for fine-root biomass, growth and Tree Physiology Volume 38, 2018 decomposition) at the same position using generated random numbers. We then calculated the corresponding root area in the sequential images cut out at the given sizes. We conducted the procedure 100 times for each frame size; i.e., we generated 100 temporal patterns of fine-root biomass, growth and decomposition for each frame size (i.e., 20 × 20 mm, 50 × 50 mm, 100 × 100 mm, 150 × 150 mm and 200 × 200 mm). The generated temporal patterns of fine-root biomass, growth and decomposition were correlated with those of the original window size (i.e., 216 mm × 297 mm), and PDFs of the 100 coefficients of correlation (R) between the generated and original temporal patterns of fine-root biomass, growth and decomposition were then produced for each frame size. The CV of the PDFs represents potential errors in the temporal pattern estimates for fine-root biomass, growth and decomposition generated at the given frame size. A simple exercise was performed using the sequential GIF-format images for fine-root biomass, growth, and decomposition derived from box 3 (Observer KT). The sequential computation was performed using ImageJ plugins prepared in this study.
Results
Error depending on the observer
In analysis of the first set of images (i.e., artificial model images), the results obtained by the six observers were mostly within ±10% of the reference values, although some discrepancy was found in decomposition ( Figure 2) . The mean slopes of the linear regressions were 0.95 ± 0.04, 0.99 ± 0.07 and 0.86 ± 0.07 for fineroot biomass, growth and decomposition, respectively (see Table S1 available as Supplementary Data at Tree Physiology Online). The mean intercept of the regression was generally small, having values of 0.15 ± 0. 13, 0.01 ± 0.01 and 0.02 ± 0.02 for fine-root biomass, growth and decomposition, respectively (see Table S1 available as Supplementary Data at Tree Physiology Online). The intercepts of the regressions were significantly different between <1 year and >3 years of experience in studying roots in fine-root growth (P < 0.001) and decomposition (P < 0.01), although the difference in the intercepts was small (a difference of <0.03) (see Table S1 available as Supplementary Data at Tree Physiology Online).
The six observers similarly detected temporal patterns of fineroot biomass, growth and decomposition in the analysis of the second set of images (i.e., sequential in situ images from box 1 with indistinctive decomposition), although discrepancy between the six observers was apparent in the first four sheets of image analysis (Figure 3 ; see Figure S4 available as Supplementary Data at Tree Physiology Online). Interestingly, the results obtained by the six observers showed considerable convergence after the four sheets of scanner image analysis (Figure 3 ; see Figure S4 available as Supplementary Data at Tree Physiology Online). After the convergence, the results obtained by the six observers were mostly within ±20% of the reference values for the fine-root biomass and growth (Figure 4a and b) . Meanwhile, more than 75% of data of fine-root decomposition differed from reference values by at least 20% (Figure 4c ), probably owing to small values of the decomposition during the study period for box 1. The intercepts of the regression analysis were significantly different between <1 year and >3 years of experience in studying roots in fine-root growth and decomposition (P < 0.001), although the difference in intercepts was small (a difference of <0.03) (see Table S2 available as Supplementary Data at Tree Physiology Online).
In analysis of the third set of images (i.e., sequential in situ images from box 3 with distinctive fine-root decomposition), it was notable that the six observers correspondingly detected a peak of fine-root decomposition in July 2013 (Figure 5c ). The temporal patterns of fine-root growth were correspondingly detected by the six observers (Figure 5b ), although we again found considerable discrepancy in the first three sheets of image analysis (Figure 5a and b; see Figure S5 available as Supplementary Data at Tree Physiology Online). Differences between the six observers were still relatively apparent in fine-root decomposition analysis (having slopes of regression of 0.88-1.26; see Table S3 available as Supplementary Data at Tree Physiology Online) compared with those for growth (having slopes of regression of 0.96-1.05; see Table S3 available as Supplementary Data at Tree Physiology Online). The intercepts of regressions were significantly different between <1 year and >3 years of experience studying roots in fine-root decomposition (P < 0.05), although the difference in intercepts was small (a difference of <0.05) (see Table S3 available as Supplementary Data at Tree Physiology Online).
Error depending on the root-viewing frame size
Our simple exercise revealed that a frame size of less than 200 mm × 200 mm could produce large errors in the amount (i.e., projected root area) of fine-root biomass, growth, and decomposition estimates (Figure 6a-c) and the corresponding temporal pattern estimates (Figure 6d-f) . The CVs derived from the PDFs for the projected root area estimates at a frame size of 20 mm × 20 mm were 169%, 380% and 308%, respectively for fine-root biomass, growth and decomposition (Figure 6a-c) . The CV values significantly decreased with an increase in the frame size, being 9%, 29% and 5% for fine-root biomass, growth and decomposition, respectively, at a frame size of 200 mm × 200 mm (Figure 6a-c) . Additionally, the CVs derived from the PDFs for the temporal pattern estimates (i.e., R) at a frame size of 20 mm × 20 mm were 1038%, 264% and 200%, respectively, for fine-root biomass, growth and decomposition (Figure 6d-f) . In particular, negative R was found using a frame size of 20 mm × 20 mm to 100 mm × 100 mm. The CVs also significantly decreased with an increase in the frame size, being 4%, 8% and 1% for fine-root
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Discussion
Our image analysis approach, in which we simply measured the bulk fine-root biomass, growth and decomposition in a scanner frame (Figure 1) , allows us to derive fine-root dynamics with almost the same level of accuracy regardless of the observers' root-study experience (Figures 2 and 4 ; see Tables S1-S3 available as Supplementary Data at Tree Physiology Online). The six observers with >3 years and <1 year of root-study experience, who learned our protocol, mostly produced similar temporal patterns of fine-root growth with an error level of 10-20% from the artificial model images (Figure 2 ; see Table S1 available as Supplementary Data at Tree Physiology Online) and in situ images (Figures 3 and 4 ; see Tables S2 and  S3 available as Supplementary Data at Tree Physiology Online). The high accuracy of the growth pattern detection ensures the accuracy of fine-root turnover, which can be derived from the annual fine-root production and biomass (e.g., Majdi et al. 2005 , McCormack et al. 2014 ). The fine-root turnover rate is an important parameter with which to characterize fine-root dynamics and hence carbon cycling in each ecosystem (e.g., Gill and Jackson 2000, Woodward and Osborne 2000) .
Meanwhile, our study found relatively large errors occurring in decomposition detection in contrast to the case for growth detection (Figure 4 ; see Tables S1-S3 available as Supplementary Data at Tree Physiology Online), for two probable reasons. First, it might be more difficult for us to trace a decrease in a certain area than an increase in a certain area using our protocol, as we found larger errors in the image analysis for decomposition than for biomass and growth even in the artificial image analysis (Figure 2 ; see Table S1 available as Supplementary Data at Tree Physiology Online). According to our protocol, we put a previous image on a next soil image and then detect the decrease in root area, and the decrease in root area might therefore be visually masked by the root area in the previous image. To remove the masking effect as much as possible, we should change the color tone of the roots in the previous image carefully. Second, the partial low visibility of scanner images derived under in situ conditions masks the timing of the disappearance of fine roots. In particular, when soil is clayey and wet, the root window visibility can be reduced by smearing (Johnson et al. 2001) . Davis et al. (2004) noted the problem, observing that 7% of all root segments in minirhizotron windows had low visibility owing to the condensation of water on root windows, underexposure and/or the poor focus of photographs. We cannot yet conclude how the low accuracy of the decomposition detection should be overcome in optical scanner methods. Even so, we could detect simultaneously the peak of decomposition ( Figure 5 ) with~20% Tree Physiology Volume 38, 2018 differences in the results obtained by the six observers (see Table S3 available as Supplementary Data at Tree Physiology Online), suggesting that the temporal patterns of fine-root decomposition can be detected at an acceptable level when soil scanner images have distinctive seasonality of fine-root decomposition.
In addition to the above, the results of our study provide insights for accurate soil image analysis. First, we note large divergence between observers for the first three or four soil images, with practice likely needed to get 'an eye' for detecting fine roots in the soil images. This suggests that we should reject image analysis results for the first three or four images in the sequence of scanner soil images to assure the accuracy of our image analysis. Second, we found significant differences in the obtained results between observers with different root-study experience in some cases (see Tables S1-S3 available as Supplementary Data at Tree Physiology Online), although the results of the six observers mostly showed consistent temporal patterns in fine-root dynamics after the divergence in the first period (Figures 3-5) . These results suggest that correction equations considering inter-observer bias should be prepared when more than one observer analyzes a set of sequential images. As an example, an experienced researcher first analyzes several images at the beginning of the sequence of scanner soil images and an inexperienced researcher then analyzes latter Tree Physiology Online at http://www.treephys.oxfordjournals.org scanner soil images in the sequence with some overlap; i.e., both researchers analyze the same images to obtain a correction equation. Using the correction equation, results obtained by the inexperienced researcher later in the sequential images match results obtained earlier in the sequential images. We note here that the accuracy of our root-tracking results obtained by the six observers was not directly validated for the analysis of in situ image sets (i.e., second and third sets) and we cannot deny the possibility that all six observers' results were biased relative to actual values. The accuracy of our image analysis should thus be validated using other methods, such as soil coring and/or sequential ingrowth core methods (Osawa and Aizawa 2012) .
Although this study used the unit of the percentage of the total projected root area in a scanner frame, the projected root areas derived by the optical scanner methods can theoretically be converted to a standing crop with geometrical consideration of root morphology (Noguchi et al. 2004 , Fukuzawa et al. 2013 or with a simple relationship between the projected root area and corresponding root biomass in fine-root segments derived by soil coring (see Figure S6 available as Supplementary Data at Tree Physiology Online). Additionally, conversion factors determined by soil coring (Noguchi et al. 2004) or the assumed soil volume on a root-viewing surface (Lopez et al. 2001 ) allow us to express values on a per unit soil volume basis or a per unit ground surface area basis for a specified depth.
Although optical scanners with a large root-viewing window might have an advantage in terms of clarifying fine-root dynamics at the stand scale and estimating stand-scale fine-root production, mortality and turnover rates in forest ecosystems, we should carefully consider potential tradeoffs between the accuracy and cost of image analysis (i.e., time constraints) when we determine the number of scanner boxes installed, sampling frequency (Tingey et al. 2003) , and analyzed image sizes per scanner frame; e.g., it might be desirable to decrease the image size in obtaining data from the original scanner image size. In this case, we recommend a size of at least~60% of the original scanner image (i.e., 210 mm × 297 mm) for obtaining data, as a smaller size window (less than 200 mm × 200 mm) might produce different estimates in terms of the amounts and temporal patterns of fine-root biomass, growth and decomposition ( Figure 6 ). These results correspond to those of a previous study (Taylor et al. 2013) showing that a small sampling volume can encounter a non-representative root biomass. Hendricks et al. (2006) pointed out that different root investigation methodologies, which probably have different sampling volumes or areas, can produce different temporal patterns of fine-root production.
We note here that our Monte Carlo exercises are applicable regardless of the method of soil image acquisition. Many small images from minirhizotrons that amount to the scanner-monitored area should give results equivalent to those obtained by optical scanners when the minirhizotrons are distributed over a broad spatial context. Our Monte Carlo exercises can be used to determine minimum monitoring image areas required for estimating the fine-root production, mortality and turnover rate in a plot or forest stand regardless of the method of soil image collection. The relationship between the error and soil image size might strongly depend on the spatial structure of the root branch distribution. Quantification of the spatial structure of the root distribution in various types of forest ecosystem with different root-structure heterogeneity through spatial analysis, such as semivariogram analysis (Katayama et al. 2009 ), is also recommended.
The large window size in the optical scanner methods faces the limitation of the scanner box affecting the in situ soil condition; the environmental conditions on the acrylic board are not the same as the natural soil conditions. However, this problem is not specific to the scanner method and it also affects minirhizotron and root window methods (Withington et al. 2003 , Dannoura 2011 . Further studies are recommended to clarify the effect of the root-viewing window size on fine-root dynamics and its significance for stand-scale estimates under in situ conditions with a high spatial heterogeneity of soil environments resulting from the high occurrence of rocks and soil pipes (Liang et al. 2011 , Mao et al. 2015 . Additionally, although we obtained data manually from soil images derived using the optical scanner method, automatic image analysis using advanced techniques, such as Kalman filtering, machine learning and Bayes analysis, should also be considered. Our image analysis approach produces sequential binary images having the size of the whole window (see Figure 1a , e and f), which are well suited to an automatic root-tracking system (e.g., Nakano et al. 2012 ) and might therefore allow us to perform sophisticated fine- Tree Physiology Online at http://www.treephys.oxfordjournals.org root survival analysis including effects of the soil depth, diameter and seasonal changes in environmental factors.
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